Fast electro-optics of a single self-assembled quantum dot in a charge-tunable device
I. INTRODUCTION
There is currently significant interest in applying highfrequency electronics in the GHz range to the development of quantum information technologies. Modern GHz technology, developed originally for wireless communications, is capable of generating electrical pulses with short rise and fall times and with very little amplitude and phase noise, attractive features for quantum control. Furthermore, by utilizing a common technology, quantum and classical information technologies can be easily interfaced. GHz electronics underpins the activity in superconducting qubits, 1,2 coherent manipulation of a spin qubit with GHz electrical control has been demonstrated, 3, 4 and, recently, these high-frequency electrical techniques have also been applied to a trapped ion. 5 Self-assembled quantum dots are potentially a key element in quantum-communication systems. A single selfassembled quantum dot is a robust, narrow band and a fast source of single photons. 6 A single self-assembled quantum dot can also be used as a spin qubit using either an electron [7] [8] [9] or hole spin, [10] [11] [12] [13] potentially with applications as a quantum repeater or quantum information processor. A key advantage of self-assembled quantum dots is the ability to embed the quantum dots into semiconductor heterostructures, allowing, for instance, single-electron charging in a vertical tunneling device. 14, 15 Another key advantage is the use of post-growth processing, allowing, for instance, the creation of microcavity structures, 16 photonic nanowires, 17 and, as is the case here, miniaturized electro-optic devices. Electrical control of self-assembled quantum dots at GHz frequencies for dark-to-bright exciton conversion, 18 singlephoton generation, 6 and exciton coherent control 19 has already been demonstrated. A recent breakthrough enabled the entanglement of two spins in a self-assembled quantum-dot molecule with electrical pulses. 20 There are two fundamental challenges in this area. The first is the creation of a high-bandwidth electrical connection between the room-temperature source and the self-assembled quantum dot at low temperature, maintaining optical access and optical alignment. The second is the accurate and reliable monitoring of the actual dot response to an external GHz driving pulse. As shown previously, photolithographydefined miniaturized charge-tunable devices with high-speed cabling and electronics offer a potential solution to the first challenge. 18 However, characterizing the dot response has remained elusive. Traditional electrical characterization, for instance with a network analyzer, is not entirely suitable as it monitors the response of the entire system, in particular, the electrical characteristics of the entire macroscopic device at low temperature, rather than the response of the active element, the quantum dot. Instead, it is much better to use the quantum dot itself as a probe of the electrical pulses. In particular, time-correlated, single-photon counting techniques (TCSPC) (Ref. 21 ) can easily achieve sub-100-ps jitter, allowing the optical response to be measured on timescales corresponding to the jitter of the electrical pulse generator.
In this paper, we present three complementary optical techniques to map accurately the response of a single selfassembled quantum dot embedded within a miniaturized charge-tunable device architecture. In each case, we utilize the spontaneous emission from the quantum dot itself. We report nanosecond response functions and, in particular, demonstrate a technique that accurately maps the voltage response of a single quantum dot to an ultrafast electrical pulse, showing, in this case, a simple mono-exponential rise.
II. EXPERIMENTAL SETUP
InGaAs quantum dots were grown within a GaAs chargetunable heterostructure by molecular beam epitaxy with a a)
Author to whom correspondence should be addressed. Electronic-mail: jonathan.prechtel@unibas.ch. density gradient across the wafer. 14 As shown in Fig. 1(a) , the quantum dots are located 25 nm above a heavily n-doped GaAs back contact (n ¼ 4 Â 10 18 cm
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). The intermediate layer, undoped GaAs, acts as a tunneling barrier. A 10-nm GaAs layer caps the quantum dots, and an AlAs/GaAs superlattice completes the structure.
Our device, previously used for the control of dark exciton spin dynamics, 18 is based on miniaturizing the active area of the charge-tunable structure to reduce the RC time constant. Photolithography was used to construct the miniaturized devices (Fig. 1) out of low-quantum dot density (<10 dots lm
À2
) wafer sections, as detailed in Ref. 18 . A U-shaped ohmic contact to the n-type layer was formed by annealing a layer of AuGe, Ni, and AuGe (60/10/60 nm, respectively) deposited onto a section of the wafer surface. A 5-nm-thick semi-transparent NiCr Schottky gate, of area <700 lm 2 , was positioned a few microns from the center of the U-shaped ohmic contact layer. To minimize the capacitance, the back contact between the two arms of the ohmic contact was removed by etching. A 360-nm-thick NiCr layer was deposited onto the etched surface, making contact at one end with the Schottky gate. By removing the redundant back contact, this arrangement minimizes the stray capacitance.
Our device geometry serves two purposes. First, the ohmic contact and contact strip form a coplanar waveguide impendence matched to 50 X, maximizing the coupling efficiency to our signal generator and high-speed coaxial cabling. Second, the large length scales of the coplanar waveguide allow the Schottky gate to be positioned underneath a 0.9-mm-diameter Weierstrass solid immersion lens (SIL) without compromising device performance. The SIL, with a refractive index n ¼ 2.15, provides a near tenfold increase in the collection efficiency from a single quantum dot. 22 The device is connected to high-speed, 50-X, brass SMA cabling using silver conductive paint. Voltage pulses are provided by an Agilent 81133 A pulse pattern generator (PPG). The PPG generates voltage pulses up to 2 V with 60 ps 10-90% rise time. The voltage pulses propagate through the brass 50 X impedance coaxial cabling with less than 100 ps 10-90% rise time (measured at T ¼ 300 K). All experiments are carried out in a liquid helium cryostat at 4.2 K.
Single quantum-dot optical excitation and photoluminescence (PL) collection is performed using confocal microscopy. The combination of Weierstrass SIL and 0.4 NA objective produces a collection spot size of $0.25 lm 2 . The device is mounted on a set of piezoelectric nanopositioners to scan the sample relative to the focus. Depending on the particular experiment, optical excitation is performed using either a non-resonant 830-nm continuous wave (cw) laser that excites carriers into the wetting layer, or a 1-MHz spectral bandwidth, tunable, cw external-cavity diode laser that excites the optical transition resonantly. PL from the quantum dot is spectrally dispersed by a blazed grating spectrometer and detected using a liquid nitrogen-cooled charge-coupled device (CCD) camera, with a spectral resolution of $50 leV. A movable mirror within the spectrometer can be used to direct the PL to a secondary exit port where a $0.5-meV spectral bandwidth section of the PL is collected by a 50-lm core size multimode optical fiber, delivering the PL to a silicon single-photon avalanche detector (SPAD). The SPAD has a full width at half maximum jitter of $400 ps and is used to perform time-correlated single-photon counting (TCSPC) of the PL. The detection efficiency of the SPAD is constant over the spectral range of these measurements.
The charge-tunable device allows the energy levels of the quantum dot to be manipulated precisely with respect to the Fermi level of the highly doped back contact via an applied voltage (V g ) between the back contact and the Schottky gate. Electrons tunnel into the quantum dot from the back contact as the quantum-dot energy comes into resonance with the Fermi level. Each additional electron must overcome the strong Coulomb repulsion, giving rise to a pronounced Coulomb blockade, i.e., single-electron charging at progressively higher voltages. 23 Optical excitation provides holes, and the presence of a single hole reduces slightly the voltages of the Coulomb blockade plateau. 24, 25 In this way, it is possible to form to a single hole, the neutral exciton (X 0 ), and the negatively charged excitons X 1-, X 2-, and X 3-, which each contain 0, 1, 2, 3, and 4 electrons, respectively, as a function of the applied bias. Under certain conditions, the positively charged exciton, X 1þ , can also form. 26 Singleelectron charging events are observed as discrete jumps in the PL energy because of the differing Coulomb energies for each exciton configuration. The miniaturized charge-tunable device has been designed to have a small capacitance and, therefore, small time response to an applied voltage pulse. Under ideal conditions, GHz bandwidth modulation would allow for the selection of exciton charge at a rate higher than the radiative recombination rate ($1 GHz). 27 The intrinsic dynamics are fast as the electron tunneling rate between the quantum dot and the back contact is $100 GHz. 28 The challenge is to characterize the temporal response experienced by a single dot to an external driving voltage pulse. In this paper, we utilize the PL signal from the quantum dot as a probe, taking advantage of the inherently fast tunneling rates, to provide clear and concise information from a single quantum dot, under known conditions. The difficulty in translating this information to the opto-electronic characteristics of non-ideal devices is related to the equivalence of the device bandwidth and the radiative recombination rate. We present three separate complementary methods of varying complexity to extract directly the temporal voltage response from a single quantum dot.
III. SWITCHING OF THE CHARGE STATE: THE RESPONSE TO A VOLTAGE STEP
The exciton charge determines the energy at which PL emission occurs. Hence, time-dependent spectroscopy can yield information about a time-varying charge. With nonresonant excitation, the quantum dot is populated within several ps of excitation 28 with the excitonic configuration depending on the applied voltage, V g , as shown in Fig. 2(a) . For instance, PL from the negatively charged exciton (X 1-) is only observed in the corresponding voltage range between 10 mV and 140 mV. In this first characterization method, the voltage plateau of X 1-is used to probe the response to the GHz voltage pulse. The voltage pulse is applied from a voltage in the X 0 plateau to a voltage in the X 2-plateau. Using the SPAD configuration, the experiment collects only emissions from the X 1-exciton. Whenever the voltage moves into the X 1-plateau, a PL signal of the X 1-exciton is observed. The time dependence of the X 1-PL emission relative to the driving voltage provides a measure of the response of the quantum dot to the voltage pulse.
A single quantum dot was excited non-resonantly with 270 nWlm À2 of 830 nm cw laser light. Figure 2 (a) shows the PL emitted by the quantum dot against the applied voltage (V g ). The exciton configurations responsible for each PL line are labeled. X 1-has a voltage extent of $130 mV, from 10 mV < V g < 140 mV. Two voltage points (marked V L ¼ À10 mV and V H ¼ 160 mV in Fig. 2(a) ) were chosen, both $20 mV beyond the edge of the X 1-plateau. The PPG was used to apply a 10-MHz square wave pulse with a rise time of 60 ps as a GHz-bandwidth time-varying voltage between V L and V H (Fig. 2(b) ). TCSPC was carried out using a start voltage pulse synched to the PPG signal and a stop pulse triggered by the quantum-dot PL when collected by the SPAD. Time-resolved dynamics of X 0 , X 1-, and X 2-are shown in Fig. 2(c) (black dotted, red solid, and blue dashed lines, respectively).
When V g ¼ V L , the device is at a bias within the X 0 Voltage plateau. Consequently, TCSPC on X 0 shows a large uncorrelated count rate, and the TCSPC of X 1-and X 2-show only background signal (arising from the SPAD dark counts). When V g ¼ V H , the device is at a bias within the X 2-voltage plateau. The TCSPC of X 2-has a large uncorrelated count rate, the TCSPC of X 0 shows only background counts, and the TCSPC of X 1-shows a count rate, which is slightly higher than the background count rate. This increased count rate from X 1-is a result of the detection of small amounts of X 2-PL when centered on the X 1-wavelength because of of the imperfect spectral filtering of the PL. When V g changes from V L to V H (at t ¼ 23 ns), the TCSPC signal of X 0 shows a rapid decrease in count rate, the TCSPC of X 2-shows a rapid increase in count rate, and the TCSPC of X 1-shows a peak in counts. Conversely, when V g changes from V H to V L (at t ¼ 73 ns), the TCSPC of X 2-shows a rapid decrease in count rate, the TCSPC of X 0 shows a rapid increase in count rate, and the TCSPC of X 1-shows a second peak in counts. The peaks recorded at t ¼ 23 ns and t ¼ 73 ns in TCSPC of X 1-show that PL is emitted from X 1-during the voltage transition from V L to V H . The full width at half maximum (FWHM) of each peak is $1.6 6 0.1 ns. This time can be considered as the total time taken for the voltage experienced by the quantum dot to pass through the X 1-plateau. Taking the rise/fall time of the voltage applied by the PPG ($60 ps) into account, and the 400 ps response time of the SPAD, the voltage response time of the quantum dot is, therefore, approximately 1.5 6 0.1 ns. We see similar results from other excitons in the same quantum dot and from other quantum dots in the same sample.
This method is simple to perform and gives an approximate measure of a crucial time in applications, the time taken to traverse a Coulomb blockade plateau. However, it lacks the ability to map the specific voltage response, which is a potentially limiting factor at higher repetition rates. Nevertheless, these results demonstrate near-GHz response behavior from a single quantum dot under external electrical modulation.
IV. SWITCHING OF THE CHARGE STATE: THE RESPONSE TO A VOLTAGE PULSE
Our second method for measuring the voltage response time of the quantum dot follows a more complex approach but provides, in addition to the response time, an indirect measurement of the temporal form of the response. This approach is based on the attenuation of a voltage pulse when applied to a device with smaller response time than the pulse width. If the pulse duration (DT) of an input voltage pulse is much larger than the response time (s) of the device, there is no pulse attenuation. On the other hand, if the pulse duration is comparable to or shorter than s, there will be an inherent pulse attenuation as the device is unable to respond to the full dynamic range of the input signal. Here, a measurement of the pulse attenuation against the pulse duration produces a value for s, as well as the temporal form of the quantum-dot voltage response. Consequently, unlike Methods 1 and 3, the PL spectra are recorded under steady state conditions, without the need for TCSPC. This was performed on the same quantum dot as the method described in Sec. III.
The quantum dot was illuminated exactly as in Method 1, with 270 nWlm À2 of 830 nm cw laser light. Figure 3 (a) shows again the PL emitted by the quantum dot against V g , but this time with different labeling specific to this measurement method. A square-wave voltage pulse (rise/fall time <100 ps, repetition rate ¼ 20 MHz) was applied to the device by the PPG, Fig. 3(b) . The voltage amplitude, V H -V L , was fixed at 200 mV.
While keeping the pulse duration (DT) fixed, the X 1-PL spectra were recorded as the voltage offset (the mean value of V H and V L ) was varied. The experiment was then repeated for different values of DT. Figure 3(d) shows the PL from X 1-under the same conditions as Fig. 3 (c) only with DT ¼ 1 ns. For this pulse duration, DV is reduced to $120 mV. This is because the quantum dot takes a finite time to experience a change from V L to V H . As DT becomes comparable to this response time, the voltage experienced by the quantum dot no longer has the time to reach V H . As such, DV measures the voltage experienced by the quantum dot at time DT.
The measured value of DV relative to various values of DT is shown in Fig. 3(e) . As DT becomes smaller, DV decreases. The data points are fitted well by a single exponential with a 1/e rise time (s) of 1.0 6 0.1 ns. Although of comparable magnitude, this value is slightly smaller than the 1.5 ns determined with Method 1 for the same quantum dot. Even though this approach successfully maps the voltage response from a single quantum dot, measurements of DV are difficult to perform when DT is small (at low-PL rates); hence, there is a larger error in the measurements of DV at small values of DT.
V. THE HYBRIDIZATION REGION AS A PROBE OF THE RESPONSE TO A VOLTAGE STEP
An alternative approach to the first method described, where the voltage extent used as the probe is similar in magnitude to the applied pulse amplitude, is to use a probe region that is significantly smaller in extent than the voltage pulse. Such an approach would increase the precision in mapping the voltage response and reduces complexities related to internal exciton dynamics. However, the implementation is somewhat challenging. The simplest approach would be to increase the voltage amplitude to several volts, around 10 V, and to use the exciton emission over the extent of the entire charging regime, $0.5 V, as the probe. However this has several limitations. First, selecting only one exciton is unrealistic if the voltage amplitude is very large as the quantum-dot emission can become spectrally very broad once the wetting layer is occupied at higher gate voltage. Second, large voltages, beyond a few volts, can lead to breakdown of a Schottky diode device. Finally, such voltages are unrealistic for real-world applications and are impossible for many GHz sources, our PPG included. Our alternative approach is to exploit the "hybridization region" H, a narrow region at the low bias end of the X 1-plateau, in which resonant excitation of X 0 leads to X 1-emission. 29, 30 In this case, the probe region is much smaller than our 200-mV applied voltage pulse.
The PL against V g is recorded in Fig. 4(a) , for a single quantum dot excited by 5.5 nWlm À2 of non-resonant cw 830-nm laser light, with the exciton emission labeled. H is the hybridization region in which the lowest stable state with one hole in the quantum dot is X 1-, and the lowest stable state without a hole is an empty quantum dot (|0>). 29, 31 For a given V g within H, the resonant excitation at 1.3023 eV populates the quantum dot with an X 0 exciton. An electron tunnels into the quantum dot from the back contact, forming X 1-on a time scale ($50 ps) much faster than the radiative recombination time of the exciton ($1 ns). After the X 1-decay via electron-hole recombination, a single electron is left in the quantum dot, which then tunnels to the back contact leaving the quantum dot empty. The system is therefore reset, and the quantum dot can be re-excited by the laser. Figure 4 (c) shows the result of this cycle. The quantum dot is excited with 73.4 lWlm À2 of resonant cw laser light and tuned to 1.3023 eV. X 1-PL is observed over a voltage region of $24 mV. The small amount of laser light also seen in the contour is a result of limitations of the filtering method used before imaging with the CCD. However, this has no adverse effect on the SPAD measurement as the SPAD collection geometry provides a second level of spectral filtering that effectively removes the laser signal. The voltage region over which the X 1-PL emits in Fig. 4(c) is shifted relative to the region H marked in Fig. 4(a) , because of a reduced degree of hole storage in the capping layer with resonant as opposed to non-resonant excitation. A 10-MHz square-wave time-varying voltage, with 50/ 50 duty cycle (shown in Fig. 4(b) ), was applied to the sample with a fixed amplitude of 200 mV and with a tunable voltage offset as described in Method 2. We use here a different quantum dot from Methods 1 and 2, embedded within a separate device. However, both devices have been manufactured under similar conditions, to the same specifications, and from the same wafer material. Figure 4(d) is a TCSPC measurement of X 1-
, showing the interaction of the quantum dot with the laser as the voltage changes from V H ¼ 275 mV to V L ¼ 75 mV at 26 ns and the opposing voltage rise from 75 mV to 275 mV at 76 ns. Two peaks are observed that can be attributed to the points at which V g enters or leaves the voltage region H. Two points on each PL peak are defined: A is at the maximum of each peak, and B is at half of maximum on the rising edge of each peak. The time of occurrence of A and B were recorded as a function of the voltage offset (Figs. 4(e) and 4(f), respectively) . The data provide an accurate picture of the quantum-dot response to an applied voltage. An exponential function fits the data very well with a value of $1.9 6 0.2 ns for the 1/e voltage response time of the quantum dot, from both measurement points A and B. This value is larger than found for the previous device. This is most likely because of small fabrication differences, for example, the size of the Schottky gate, the resistivity of the contact layers, or the contacting to the sample. This method is more difficult to employ because of the use of resonant excitation. It provides, however, a very precise idea of the temporal form of the quantum-dot voltage response.
VI. CONCLUSIONS AND OUTLOOK
Three separate methods, all based on exploiting the optical response from well-defined exciton states, have been developed to measure the voltage response in a GHz bandwidth of a single InGaAs quantum dot embedded within a microstructured charge-tunable device at low temperature to a fast voltage pulse. The form of the quantum-dot response to an applied voltage was found to be a single exponential using two separate techniques performed on different quantum dots within different devices. With this present generation of device, the electrical response time, 1.0 ns, is comparable to the excitonic radiative decay time. We can envisage a number of improvements to enable faster electrical switching. In the present experiment, one significant limitation, quite probably the major one, is the limited bandwidth of the connection between the high-frequency cable and the sample itself. This connection is flexible to allow sample scanning in the optical microscope, but a high-bandwidth semi-rigid cable could be used instead by redesigning the optical microscope. The sample itself can also be improved. Further miniaturization will reduce the capacitance. The resistance can be reduced by using both a more conductive gate material, gold for instance, and a more conductive back contact, a high-mobility two-dimensional electron gas. These simple improvements should enable the realization of devices with switching speeds matching state-of-the-art PPGs (sub-100 ps).
In conclusion, we report opto-electronic measurements of the response time of a quantum-dot device at low temperature to a voltage pulse. A 1.0-ns response time is demonstrated. These results pave the way to the application of GHz electronics to the opto-electronic control of excitons and spins in self-assembled quantum dots.
